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Abstract 
 
 The two basic nickel carbonate minerals otwayite and paraotwayite have been 
studied by scanning electron microscopy, EDX, Raman and infrared spectroscopy. 
The SEM images of paraotwayite show a mesh like structure with many pores. This 
leads to the suggestion of a paragenetic relationship between otwayite and 
paraotwayite in which the carbonate is replaced by sulphate. Raman and infrared 
spectroscopy shows otwayite to contain predominantly carbonate with some sulphate 
and the paraotwayite sulphate with some carbonate.  
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Introduction 
 
The nickel carbonates otwayite, ideally Ni2(OH)2CO3·H2O, and paraotwayite 
Ni(OH)2-x(SO4,CO3)0.5x (x ~ 0.6), were first described from the Otway Ni prospect 
(21°39’S; 120°06’E), 23 km north of the town of Nullagine, in the Pilbara region of 
Western Australia (NICKEL & GRAHAM 1987; NICKEL et al. 1977; PETERSON 
et al. 2003)). The Otway prospect is located in a sheared, serpentinised peridotite, 
which has undergone hydrothermal and metasomatic alteration, producing a suite of 
secondary nickel minerals including gaspéite, pecoraite, nullaginite, otwayite and 
paraotwayite (NICKEL & GRAHAM 1987). The Otway prospect is also the type 
locality for Nullaginite Ni2CO3(OH)2  (NICKEL & BERRY 1981). The primary 
nickel sulphides found at Otway include millerite and polydymite and in some cases 
they have undergone supergene alteration.  
 
The presence of carbonate and sulphate anions, with hydroxyls and water, 
makes otwayite and paraotwayite ideal minerals to study using Raman and infrared 
spectroscopy, along with their similar properties which make them hard to distinguish 
from each other. 
 
Raman spectroscopy has been used to a limited extent on nickel compounds, 
the majority of data extending to nickel organics (BOGGESS et al. 2002; RANKIN et 
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al. 1999). Raman spectroscopy on some analyses of carbonate minerals are known 
(KONTOYANNIS et al. 1997; KONTOYANNIS & VAGENAS 2000; WHITE 1974). 
Currently, there is publication of Raman data on phosphate (FROST et al. 2003; 
MARTENS & FROST 2003; MARTENS et al. 2003b) sulphate (FROST et al. 2004a; 
FROST et al. 2004b; MARTENS et al. 2003a), and mixed anion minerals (FROST et 
al. in press), helping further the database of different symmetries and lifting of the 
degenerate modes of the PO4 and SO4 anions. In this work we report the SEM, EDX 
and Raman and infrared spectral characterisation of otwayite and paraotwayite. 
 
Occurrence and nature 
 
Otwayite and paraotwayite are virtually indistinguishable in hand specimen. 
Ideally (at Otway), paraotwayite crystals are comprised of fibres which may reach 0.5 
mm in length and between 0.05 to 5μm in width. Often the fibres are intergrown 
forming net-like masses (Figure 1a and b) or can form rosettes. Both minerals exhibit 
a bright green to emerald–green colour, with a slightly silky lustre and a whitish 
streak. In other occurrences, such as the Lord Brassy mine(ANDERSEN et al. 2002; 
HENRY & BIRCH 1992) and Mt Grey mine, near Hazelwood, in Tasmania, otwayite 
occurs as dark green massive bands, formed as a result of the breakdown of zaratite 
Ni3CO3(OH)4 .4H2O . Paraotwayite has only been found at the Otway deposit. 
 
Single-crystal studies of otwayite and paraotwayite have not been completed 
due to the fibrous habit of these minerals; however, synchrotron data may be useful in 
solving the presently unknown structures. The powder diffraction files for the two 
minerals are slightly different, the most obvious being a peak with large intensity at d 
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= 5.680 Å (Irel =80) for otwayite. Many of the other peaks can be found in both 
minerals with differing intensities.  
 
However, a comprehensive study of the system NiCO3–NiSO4–H2O has not 
been undertaken, so the natural extent of theoretical solid solutions between otwayite 
and paraotwayite is not known. Since the crystal structures are unknown, it is 
considered that Raman spectroscopy combined with infrared spectroscopy can 
contribute to the elucidation of the structure at least at the molecular level of otwayite 
and paraotwayite.  
 
Experimental 
Minerals 
The minerals originated from Mt Grey, Tasmania (Museum Victoria specimen, 
M2023) and paraotwayite from the Otway deposit, Western Australia (M37166). The 
phase composition of the minerals was checked by powder X-ray diffraction at 
Museum Victoria. 
 
Scanning electron microscopy 
 
The scanning electron microscope (SEM) used to study the minerals was an 
FEI Quanta 200 Environmental SEM (FEI Company, USA), equipped with an EDAX 
thin-window X-ray detector and energy-dispersive X-ray microanalysis system. The 
samples examined consisted of small selected mineral chips mounted with double-
sided carbon tape on aluminium specimen mounts. Imaging and elemental 
microanalysis was carried out in environmental (ESEM) mode using an accelerating 
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voltage of 20 kV, a working distance of 10 mm and a chamber pressure of 2 Torr (266 
Pa) water vapour. Under these conditions specimens can be examined without a 
conductive coating and the minerals were analysed uncoated. 
 
Raman spectroscopy 
 
Samples of otwayite or paraotwayite were placed and orientated on the stage 
of an Olympus BHSM microscope, equipped with 10x and 50x objective lenses, as 
part of a Renishaw 1000 Raman microscope system. This system also includes a 
monochromator, filter system and a CCD detector. Raman spectra were excited by a 
HeNe laser (633 nm) at a nominal spectral resolution of 2 cm-1 in the range between 
100 and 4000 cm-1. Repeated acquisition using the highest magnification was 
undertaken to improve the signal-to-noise ratio. Spectra were obtained from different 
spots on the minerals using the 50X magnification and the spectra were averaged. The 
spot size for analysis was ~ 1 micron. Spectra were calibrated using the 520.5 cm-1 
line of a silicon wafer. In order to ensure that the correct spectra were obtained, the 
incident excitation radiation was scrambled. Samples were stable under the laser beam. 
Previous studies provide an in depth account of the experimental technique.  Spectral 
manipulation such as baseline adjustment, smoothing and normalisation was 
performed using the GRAMS® software package (Galactic Industries Corporation, 
Salem, NH, USA).  
 
 
Infrared absorption spectroscopy 
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Infrared spectra of the crystals were obtained using a Nicolet Nexus 870 FT–IR 
spectrometer with a smart endurance single bounce diamond ATR cell. Spectra over 
the 4000−525 cm-1 range were obtained by the co-addition of 64 scans with a 
resolution of 4 cm-1 and a mirror velocity of 0.6329 cm/s.  
 
Results and discussion 
 
Electron microscopy 
 
The SEM images of the otwayite were like a fractured rock like granite, unlike 
the typical habit which can be seen at Otway, and are not shown. The morphology of 
paraotwayite is very different from that of otwayite, and shows a porous texture with 
a net-like pattern Figure 1. The SEM images showed the specimens to be homogenous. 
Representative EDX analyses of the otwayite and paraotwayite are shown in Figures 2 
and 3. The data represented in Figure 2 shows that the otwayite is predominantly 
carbonate with some sulphate, the paraotwayite is predominantly sulphate, containing 
only a small amount of carbonate. The otwayite used for this study corresponds to a 
composition close to the end-member in the otwayite–paraotwayite series, whereas 
the paraotwayite is closer to the sulphate end-member composition.  The EDX 
analyses of otwayite gave (semi)quantitative analysis of NiO 60.1 %, CO32- as 26.7 % 
and SO42- 3.4 %. These estimates give a formula of otwayite of close to 
Ni2(OH)2(CO3)0.88(SO4)0.12·H2O.  A trace of Mg was also observed in the EDX 
analysis of otwayite. The EDX analysis of paraotwayite gave values of  NiO 57.8 %, 
SO42-  22.27 % and CO32-  13.92 %. These values are the average of six EDX analyses.  
These results provide a formula of paraotwayite close to Ni(OH)1.4(SO4,CO3)0.3. 
 6
  
 Based upon the SEM image of the paraotwayite, one possibility is that 
paraotwayite is formed through replacement of the carbonate by sulphate according to 
the reaction: 
Ni2(OH)2CO3·H2O + H2SO4 → Ni(OH)2-x(SO4,CO3)0.5x (x ~ 0.6) + nH2O + nCO2
It is proposed that the pore-like appearance of paraotwayite, results from the evolution 
of carbon dioxide through the reaction above. However detailed thin sections and 
Raman mapping would need to be used to prove this concept. 
 
Raman and infrared spectroscopy 
 
The free ion, CO32- with D3h symmetry exhibits four normal vibrational 
modes; a symmetric stretching vibration (ν1), an out-of-plane bend (ν2), a doubly 
degenerate antisymmetric stretch (ν3) and another doubly degenerate bending mode 
(ν4). The symmetries of these modes are A1´ (R) + A2´´ (IR) + E´ (R, IR) + E´´ (R, IR) 
and for aqueous carbonate anion occur at 1063, 879, 1415 and 680 cm-1 respectively 
(WHITE 1974). Generally, strong Raman modes around 1100 cm-1 are due to the 
symmetric stretching vibration (ν1), of the carbonate groups, while intense infrared 
and weak Raman peaks near 1400 cm-1 are due to the antisymmetric stretch (ν3). 
Infrared modes near 800 cm-1 are caused by the out-of-plane bend (ν2). Infrared and 
Raman modes around 700 cm-1 are due to the in-plane bending mode (ν4). This mode 
is doubly degenerate for undistorted CO32- groups (WHITE 1974). As the carbonate 
groups become distorted from regular planar symmetry, this mode splits into two 
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components. Infrared and Raman spectroscopy thus provide a sensitive test for 
structural distortion of CO32- groups.  
 
 The Raman spectra of otwayite and paraotwayite in the region 900–1200 cm-1 
are shown in Figure 2, with the Raman and infrared spectral results reported in Table 
1. The infrared spectra of otwayite and paraotwayite over the 500–1900 cm-1 range 
are shown in Figure 3. The assignment of bands is reported in Table 1. Reddy et al 
have previously reported the infrared and NIR spectra of otwayite (REDDY et al. 
1986).  This work focused on the NIR spectrum and showed how combination bands 
of the carbonate unit were observed in the NIR spectrum.  Gaspéite ideally NiCO3, 
which also occurs at the Otway deposit, is a relevant mineral for comparison of the 
changes that can be exhibited in the CO32- anion (Figure 4) (REDDY & FROST 2004). 
The most intense band (1088 cm-1) in the Raman spectrum of gaspéite is identified as 
ν1, the symmetric stretching mode, where as the most intense band at 1418 cm-1 (with 
a maximum half width) in infrared is due to the ν3 antisymmetric stretching mode   
(REDDY & FROST 2004). Intense bands at 870 and 750 cm-1 in the infrared 
spectrum are attributed to out-of-plane bending mode (ν2) and the in-plane bending 
mode (ν4). The CO32-  symmetric stretching mode is also activated in the infrared 
spectrum at 1020 cm-1. In the higher frequencies of the Raman spectrum the band at 
1571 cm-1 with two components (1467 and 1422 cm-1) are assigned to ν3 mode. In the 
Raman spectrum, one sharp band that appears at 331 cm-1 and may be resolved into 
two components at 223 and 193 cm-1 is attributed to metal–oxygen stretching 
vibrations. The less intense band at 740 cm-1 is identified as ν4 mode and the weak 
band at 870 cm-1 is assigned to ν2. The band at 1734 cm-1 is assigned to the overtone 
of the vibrational mode, 2ν2 (2x 870 cm-1) (REDDY & FROST 2004). 
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  In the Raman spectrum of otwayite an intense sharp band is observed at 1068 
cm-1 (compared with 1088 cm-1 for gaspéite). The band is sharp (HWHM = 16.8 cm-1) 
and is attributed to the CO32- symmetric stretching vibration. A second band of 
significantly higher intensity is observed at 1073 cm-1 with HWHM of 31.7 cm-1. In 
the infrared spectrum of otwayite a low intensity band is found at 1061 cm-1 which is 
assigned to the infrared inactive symmetric stretching band. The observation of two 
carbonate symmetric stretching bands can be attributed to the non-equivalence of the 
carbonate units in the otwayite structure. An intense band is also observed at 981 cm-1 
and is assigned to the SO42- symmetric stretching vibration. This band is observed at 
969 cm-1 in the infrared spectrum of otwayite and is absent in the spectrum of gaspeite. 
For paraotwayite, two sharp overlapping bands are observed at 987 and 977 cm-1 with 
bandwidths of 7.9 and 9.1 cm-1. These bands are assigned to the SO42- symmetric 
stretching vibration, similar with that observed for otwayite. In the infrared spectrum 
of paraotwayite, a low intensity band is observed at 984 cm-1 which is assigned to this 
vibration.  
 
In the higher wavenumber Raman ranges, a low intensity band at 1353 cm-1 is 
observed for otwayite, and is attributed to the CO32- antisymmetric stretching 
vibration. The corresponding infrared band is found at 1368 cm-1. Other infrared 
bands attributed to this vibrational mode are found at 1402, 1479 and 1550 cm-1. A 
broad spectral profile is observed for paraotwayite centred around 1100 cm-1. This 
band may be the CO32- antisymmetric stretching vibration but is likely to be attributed 
at least in part to the SO42- antisymmetric stretching vibration. In the infrared 
spectrum two overlapping bands are observed at 1074 and 1094 cm-1 and are 
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attributed to the SO42- antisymmetric stretching vibration. It should be understood that 
the system otwayite-paraotwayite is not exclusive nor are they the end members. Thus 
it is not unexpected that both minerals contain both carbonate and sulphate. It is 
simply the variation in the solid solution composition.  
 
The relationship between the band position of the symmetric stretching mode 
and the atomic mass of selected carbonates is displayed in Figure 5. The relationship 
appears curvilinear. The figure also shows the position of otwayite with and without 
the inclusion of the mass number 34 (2OH units). If the mass of 34 is added to the 
atomic mass of Ni the data point fits on the curvilinear plot, a point which is 
fortuitous. From this it may be concluded that otwayite and paraotwayite have the 
aragonite crystal structure.  
 
 
 The Raman spectra of otwayite and paraotwayite in the low wavenumber 
region are shown in Figure 6. The broad feature at 835 cm-1 observed in the Raman 
spectrum of otwayite may be assigned to the ν2 CO32- bending mode. This band is 
very sharp in the infrared spectrum of otwayite at 832 cm-1 with a band width of 8.8 
cm-1 (Figure 3). The Raman band of otwayite at 708 cm-1 is likely to be the equivalent 
ν4 mode. In the infrared spectrum of otwayite three broad overlapping bands are found 
at 760, 671 and 608 cm-1. The observation of three bands indicates a lowering of the 
symmetry of the CO32- units or alternatively several non-equivalent carbonate units. 
The large width of the bands would seem to indicate a large variation in the energy of 
the vibration. No bands of significant intensity are observed for paraotwayite in this 
spectral region. This is attributed to the lack of carbonate in the sample. Bands 
 10
attributed to the ν4 vibration are observed at 836 cm-1 for azurite, 870 cm-1 for 
gaspéite, and 854 cm-1 for aragonite (WHITE 1974). The Raman band at 617 cm-1 for 
otwayite is attributed to the ν4 bending mode of the SO42- units. An equivalent band is 
found at 606 cm-1 for paraotwayite. A second band is observed at 642 cm-1 and is 
assigned to the same vibrational mode. The two Raman bands at 469 and 445 cm-1 for 
otwayite are assigned to the ν2 bending mode of the SO42- units. An additional band is 
observed at 395 cm-1, which may also be assigned to this vibration. In the Raman 
spectrum of paraotwayite three bands are also found at 487, 451 and 416 cm-1.  
 
 The Raman and infrared spectra of the hydroxyl stretching region of otwayite 
and paraotwayite are shown in Figures 7 and 8 respectively. The spectra of the two 
minerals are very different in this spectral region. Otwayite shows a set of broad 
overlapping bands over a wide spectral range. In contrast paraotwayite shows a set of 
sharp bands over a short spectral range. Several stretching bands in otwayite are 
observed at 3612, 3610, 3579, 3538, 3470 and 3288 cm-1, whilst the bands at 2989, 
2935 and 2879 are attributed to organic impurities. One possible assignment is that 
the first three bands are attributable to OH unit stretching vibrations and the bands at 
3538, 3470 and 3288 cm-1 are due to water (HOH) stretching vibrations. For 
paraotwayite bands are observed at 3606, 3590, 3568, 3566 and 3532 cm-1. The 
infrared spectrum of otwayite in the hydroxyl stretching region shows a spectral 
profile made up of a set of overlapping bands (Figure 10). These bands are observed 
at 3604, 3534, 3421, 3230 and 3046 cm-1. In the infrared spectrum of paraotwayite 
(Figure 10), the first three bands at 3648, 3601, 3594 cm-1 are attributed to OH 
stretching bands and the broader bands observed at 3480, 3365 and 3175 cm-1 are 
attributed to water stretching bands.  
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 It is interesting that two low intensity bands are observed in the Raman 
spectrum of otwayite at 1690 and 1600 cm-1. These bands are attributed to water 
bending modes. The position of the bands indicates that there are two different water 
molecules in the structure with different hydrogen bond strengths. One hydrogen bond 
is short with a bond distance of 2.69 Å and the second significantly longer bond 
distance of 2.96 Å. 
 
Conclusions 
 
 The minerals otwayite and paraotwayite both with unknown crystal 
structures have been studied by SEM and for chemical composition by EDX 
measurements giving a formula of otwayite close to Ni2(OH)2(CO3)0.88(SO4)0.12·H2O 
and for paraotwayite Ni(OH)1.4(SO4,CO3)0.3. Raman and infrared spectroscopy were 
shown to be useful means for the identification of otwayite and paraotwayite. Raman 
can be used as a means for determining the approximate ratio of CO32- and SO42-, and 
hence where the samples lie in the otwayite-paraotwayite series. 
 
 Additional information on the bending and stretching modes of the free ions 
CO32- and SO42- has been discussed, with comparisons to other carbonate minerals 
including gaspéite. Water and hydroxyl stretching modes have also been assigned.  
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Table 1 Raman and infrared spectral results of otwayite and paraotwayite. 
 
m2023 - Otwayite 
 
 
 
 
m37166 - Paraotwayite 
 
 
 
 
Suggested 
assignment 
Raman Infrared Raman Infrared  
Center 
cm-1 FWHM 
Relative 
Intensity 
Center
cm-1 FWHM 
Relative 
Intensity
Center 
cm-1 FWHM 
Relative 
Intensity
Center 
cm-1 FWHM 
Relative 
Intensity 
 
3612 16.09 0.0035 3605 41.4 0.021 3606 11.31 0.008 3601 18.5 0.033 
3610 70.65 0.096 3534 120.1 0.067 3590 7.70 0.12 3589 7.7 0.005 
        3568 9.07 0.08 3566 35.6 0.058 
3579 32.49 0.018 3422 195.4 0.133 3566 41.0 0.2 3533 34.5 0.048 
        3532 8.47 0.05 3479 136.3 0.060 
3538 72.1 0.0822 3230 311.8 0.276       
 
 
 
OH stretching  
3470 197.6 0.163        3365 222.3 0.224 
3288 338.6 0.228 3047 157.5 0.055       
Water HOH 
stretching 
2989 159.3 0.027 2880 216.0 0.050 2909 95.89 0.06 3175 447.3 0.232 
2935 24.91 0.019 1667 38.6 0.002 2852 24.93 0.01    
2879 66.00 0.012 1603 39.4 0.015       
 
Organic 
impurities 
1690 86.62 0.005 1550 102.6 0.082       
1600 56.17 0.015 1479 58.7 0.009    1603 167.8 0.039 
 
HOH bending 
             
   1402 28.8 0.002       
1353 24.82 0.003 1368 115.8 0.139 1114.7 49.16 0.076 1435 147.7 0.021 
Carbonate 
antisymmetric 
stretching 
    1113 66.9 0.022       
 
Carbonate 
symmetric 
stretching  
             
1073 31.72 0.047 1061 51.9 0.019       
 
Carbonate 
 17
1068 16.85 0.009 968 76.7 0.011 987 7.96 0.083 1094 50.8 0.044 
symmetric 
stretching and 
sulphate 
antisymmetric 
stretching 
        986 7.45 0.052 1073 83.4 0.069 
981 17.99 0.044 831 8.8 0.004 977 9.10 0.012 983 45.8 0.004 
    822 13.1 0.001    852 31.6 0.007 
   760 141.6 0.018       
          812 43.8 0.010 
 
Sulphate 
symmetric 
stretching 
937 39.32 0.0124 671 96.0 0.020    771 27.0 0.005 
Water 
libration 
835 101.71 0.006        703 81.8 0.029 CO32- bending 
708 10.21 0.0003 608 61.7 0.007       CO32- bending 
703 118.34 0.018    642 15.28 0.004 634 16.3 0.004  
       606 14.74 0.017 591 51.6 0.009  
617 36.60 0.005          
545 17.82 0.001          
529 14.65 0.008    487 16.69 0.066    
 
Sulphate 
bending 
       473 12.40 0.012     
469 25.74 0.004    451 16.79 0.034    
445 43.67 0.022 
   
416 33.92 0.017 
   
 
Sulphate 
bending 
              
395 32.24 0.004    297 7.48 0.004    Lattice modes 
308 51.25 0.004    260. 6.23 0.002    “ 
       238 9.37 0.005    “ 
232. 70.29 0.019    218 10.68 0.014    “ 
216 13.11 0.0008    196 9.87 0.021    “ 
194 24.01 0.006    176 9.82 0.027    “ 
177 12.78 0.002          “ 
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